NASA TECHNICAL NOTE 


^r 

c=> 

CO 

cn 

a 


<c 

l/) 



INVESTIGATION OF TURBULENT 
SEPARATED FLOWS IN THE VICINITY 
OF FIN-TYPE PROTUBERANCES 
AT SUPERSONIC MACH NUMBERS 

by Earl A. Price, Jr., and Robert L. Stallings, Jr. / 

I • 

Langley Research Center \ 

Langley Station, Hampton, Va. 


D-3804 



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION • WASHINGTON, D. C. • FEBRUARY 1967 


TECH LIBRARY KAFB, NM 



TECH LIBRARY KAFB, NM 



0130S2M 


INVESTIGATION OF TURBULENT SEPARATED FLOWS IN THE VICINITY 

OF FIN-TYPE PROTUBERANCES AT SUPERSONIC MACH NUMBERS 

By Earl A. Price, Jr., and Robert L. Stallings, Jr. 

Langley Research Center 
Langley Station, Hampton, Va. 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 


For sale by the Clearinghouse for Federal Scientific and Technical Information 
Springfield, Virginia 22151 — Price $2.50 



INVESTIGATION OF TURBULENT SEPARATED FLOWS IN THE VICINITY 


OF FIN- TYPE PROTUBERANCES AT SUPERSONIC MACH NUMBERS* 

By Earl A. Price, Jr., and Robert L. Stallings, Jr. 
Langley Research Center 


SUMMARY 


An experimental investigation has been conducted on the separated and asso- 
ciated disturbed flow region resulting from the presence of a fin-type protuber- 
ance in a turbulent boundary layer approximately 15 . 2 k cm thick. Results were 
primarily obtained from pressure measurements over a Mach number range from 2.3 

to 4.44 and Reynolds numbers per meter from 4.9 x 10^ to 14.7 X 10^. The thick- 
ness, sweep, and height of the fin- type protuberances were varied. 

Increasing the sweep of the protuberance was found to decrease sharply the 
upstream extent of disturbed flow. The extent of the upstream disturbed flow 
increased linearly with protuberance diameter. The disturbed flow region did 
not vary significantly in size as model height was varied from greater than 
boundary- layer thickness to only a fraction of the boundary- layer thickness. 

The first peak pressure coefficient was found to be significantly lower than 
values from two-dimensional separated flow. An irregular pressure distribution 
was found along that portion of the protuberance leading edge submerged within 
the boundary layer for certain models. Both the first peak and final peak pres- 
sure ratios increased with increasing Mach number for any given model. Varying 
the free- stream Reynolds number by a factor of three had no effect on the extent 
of upstream disturbed flow. 


INTRODUCTION 


The phenomenon of boundary-layer separation has been of considerable con- 
cern to the aerodynami cist throughout the history of aviation. Separation asso- 
ciated, with such common devices as ailerons, flaps, and spoilers led to numerous 
experimental investigations and analytical studies to provide quantitative infor- 
mation pertaining to the flow variables within the separation region. The occur- 
rence on flight vehicles of these two-dimensional objects plus the sinqYLicity of 

*The information presented herein was included in a thesis submitted by 
Earl A. Price, Jr. , in partial fulfillment of the requirements for the degree of 
Master of Aerospace Engineering, University of Virginia, Charlottesville, 
Virginia, June 1966. 


the two- dimensional flow field (compared with the three-dimensional flow field) 
has led most investigators to limit their studies to separation forced by two- 
dimensional objects. Extensive experimental information for the two-d im ensional 
flow field has been obtained for both laminar and turbulent boundary layers up 
through the supersonic and low hypersonic Mach number region. Representative of 
the experimental work done on two-dimensional separation is that presented in 
references 1 to 4. The difficulties of describing two- dimensional turbulent 
separated flow theoretically are well known. The effort that has gone into the 
problem has produced some quasi-theoretical work (ref. 5, for example), which in 
terms of practical usefulness, has met with only moderate success. 

The more complicated three-dimensional flow fields resulting from separa- 
tion forced by simple protuberances have received little detailed study. Infor- 
mation pertaining to the three-dimensional separation phenomenon is of impor- 
tance in determining not only the aerodynamic loads but also the aerodynamic 
heating in these regions. In fact. It Is for the latter reason that most inves- 
tigations on three-dimensional separation have been conducted. References 6 
and 7 present aerodynamic heating data for three-dimensional turbulent separated 
regions In supersonic flow. These data are useful In defining the exfcent of the 
model effect and the magnitude of heating rates within the region for the spe- 
cific configurations. Reference 6 also presents a number of excellent oil flow 
photographs of the separated region upstream of a variety of -three- dim ensional 
protuberances. A li mi ted amount of pressure data Is also presented in refer- 
ence 6. A comparison is made In reference 8 of. the pressure distributions in 
the regions of separation forced by two-dimensional steps and vertical three- 
dimensional protuberances of the same height. In view of this. lack of informa- 
tion on separation forced by three-dimensional objects, the present tests were 
designed to gain some Insight Into the effect of protuberance geometry, Mach 
number, and Reynolds number on the extent and fluid properties of the separation 
region. In order to accomplish this, detailed static pressure distributions 
were obtained In the separated and associated disturbed flow region caused by 
the presence in the flow of a three-dimensional protuberance. To maintain the 
geometry of the model' as single as possible and yet have a basis for practical 
application, a fin-type model with a cylindrical leading edge was chosen. The 
fin thickness, sweep, and height were systematically varied In order to deter- 
mine the effects of these basic geometric variables on the separation and dis- 
turbed flow regions. The free-stream Mach number was varied from 2.30 to 4.44 

and the free-stream Reynolds number from 4.9 X 10^ per meter to 14.7 X 10^ per 
meter. The models were mounted on the tunnel access door flush with the tu nn el 
sidewall. In this manner, the tunnel sidewall turbulent boundary layer (approxi- 
mately 15.24 cm thick) was utilized to simulate the relatively thick boundary 
layers found over a large portion of most full-scale vehicles. 


SYMBOLS 


°p 

a 


pressure coefficient. 


P - 3, 


diameter of cylindrical leading edge of model, centimeters 


2 


height of model, centimeters 
Mach number 

pressure, newtons per centimeter^ 

stagnation pressure behind normal’ shock, newtons per centimeter^ 

dynamic pressure, newtons per centimeter^ 

R Reynolds number per meter 

x streamwise coordinate of plate measured from leading edge of model, 

centimeters (see fig. 4) 

y coordinate in plane of plate perpendicular to streamwise plate center 

line, centimeters (see fig. 4) 

z perpendicular distance from plate, centimeters (see fig. 2) 

6 boundary -layer thickness, centimeters 

0 meridian angle, degrees (see fig. 2) 

A sweep angle, degrees (see fig. 2) 

Subscripts: 

oo free- stream conditions 

2 local conditions 

p condition in region of first peak pressure 

APPARATUS 
Wind Tunnel 

This investigation was conducted in the high Mach number test section of 
the Langley Unitary Plan wind tunnel. The locations of the basic elements of 
this facility are shown in figure 1. This is a continuous flow, variable- 
pressure tunnel with a 121.9- "by 121.9-cm test section. The Mach number can be 
varied from 2.30 to 4.65 by means of an asymmetric sliding-block nozzle. A 
detailed description of the facility is given in reference 9* 

Models 

A total of 14 fin-type models with cylindrical leading edges were tested. 

A sketch showing the basic geometry of the models is presented as figure 2. 
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Eacli model had a constant thickness equal to the leading-edge diameter. Refer- 
ence will he made throughout this paper to diameter rather than thickness. 

Table I presents the geometric parameters of each model. Leading- edge diameter 
was varied from 1.47 to 8.89 cm, sweep from 0° to 75° > and model height from 
2.54 to 25.40 cm. Photographs of the models, grouped in such a way that only- 
one of the geometric parameters is varied, are presented in figure 5* Models 1 
and 2 were constructed of steel, model 12 was constructed of aluminum, and all 
other models were constructed of mahogany. Pressure orifices were installed on 
all the models except model 5- The locations of the orifices are given in 
table II. The orifices were formed by installing monel tubing flush with the 
model surface; this tubing had an inside diameter of 0.102 cm and an outside 
diameter of 0.152 cm. Each model was mounted on a circular plate containing 
180 orifices which were formed by installing monel tubing flush with the plate 
surface; this tubing had an inside diameter of 0.127 cm and an outside diameter 
of 0.178 cm. The circular plate was designed to fit flush with the steel tunnel 
access door. The relative location of the orifices may be seen in figure 4. A 
photograph of model 13 mounted on the test plate and tunnel door is presented in 
figure 5* 


Pressure Recording System 

The pressures were recorded by -using five 48-channel pressure sampling 
valves. Each valve sequentially transmits each channel of pressure information 
to a single electrical pressure transducer. This electrical information is fed 
to a strip chart recorder and an analog to digital converter. The data in digi- 
tal form are then recorded on punch cards suitable for machine computation of 
final data. The tunnel stagnation pressure was measured on a precision mercury 
manometer. To determine p ra and P-^2 ^e stagnation pressure and nominal 

free-stream Mach number were used. 


Shadowgraph System 

Previous investigators have found sehlieren and/or shadowgraph pictures to 
be useful in analyzing results of separation studies. The present tests were 
conducted with the models mounted on a steel door which replaced the regular 
sehlieren door. This arrangement prevented use of the regular tunnel sehlieren 
flow visualization system. A special system for obtaining shadowgraph pictures 
was, therefore, devised and used to obtain a limited number of photographs. A 
sketch showing the basic components of the system is presented as figure 6. The 
flat mirrors were 30.48 cm by 40.64 cm in size and were mounted flush with the 
surface of a 45° triangular steel bracket which was bolted to the steel tunnel 
door. The brackets had sharp leading edges with the mirror side parallel to the 
flow. The mirrors and bracket can be seen in the model installation photograph 
(fig. 5). The mirrors used outside the test section were 30.5- cm-diameter con- 
cave mirrors having a focal length of 182.9 cm. Photographs were taken with a 
70-mm camera at slow shutter speeds. High-speed motion pictures were also taken 
at 2,000 frames/sec with a l6-mm camera. The light source was a 25-W zirconium 
concentrated arc lamp. 
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TEST CONDITIONS 


This investigation was conducted at Mach numbers of 2.3, 2.98* 3-7±> 
and 4.44. With the tunnel block set to provide a given Mach number in the test 
section, the total pressure was varied to obtain Reynolds numbers per meter of 

approximately 4.9 X 10^, 9.8 x 10^, and 14.7 X 10^. The tunnel total tempera- 
ture was held constant at approximately 339° K for the test at the three lower 
Mach numbers and 353° K for the test at the highest Mach number. 


ACCURACY 


Accuracy of the pressure sampling valves is better than 1 percent of the 
full-scale range of the gage; this includes all errors of linearity, hysteresis, 
and repeatability. Previous tests in this tunnel on separate days have shown 
that 85 percent of the data is repeatable to better than 0.5 percent. Gages 

having a maximum range of 5*17 N/cm 2 (7*5 lb /in 2 ) and 10.34 n/ch^ (15 lb /in 2 ) 
were used for the plate and models, respectively. These gages were selected to 
accommodate the highest pressures expected. Because a wide range of pressures 
were encountered over the range of Mach numbers and Reynolds numbers of this 
investigation, no single accuracy can be given in terms of p^p^ or P^/P-j. 2* 

A 0.5-percent error in the full-scale gage reading could give errors in p 
that range from ±0.03 for M ro = 2.30, = 9-8 X 10^ to ±0.4l for = 4.44, 

R^, = 4.9 X 10^ and errors in p^p^ 2 range from ±0.006 for ^ = 2.98* 

R^, = 14.7 x 10^ to ±0.032 for H,, = 4.44, R^ = 4.9 X 10^. The accuracy of the 
precision mercury manometer on which the stagnation pressure was measured is 
0.0024 N/cm 2 (0.5 lb /ft 2 ). 


The results of the test section calibration indicate the following accu- 
racies for the free-stream Mach numbers of this investigation: 


Ho 


2.30 

0.02 

2.98 

.02 

3-71 

.06 

4.44 

.06 
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PRESENTATION OF RESUIZPS 


Tlie results are presented in the following figures: 


Figure 


Schematic drawing of a typical interaction for a two-dimensional step . . 
Effect of sweep on the pressure distribution upstream of models. 
i^«9.8x 10 6 

d = 5*08 cm., 

d = 8.89 cm 

Effect of diameter on the pressure distribution upstream of models, 
h = 25A0 cm; R^ « 9.8 x 10 6 

A = 12.9° 

A = 50° 

Variation of the separation distance and the disturbed flow region with 

protuberance diameter. S « 15.24 cm; Ik « 9.8 x 10^ 

Effect of model height on the upstream distribution, d = 5*08 cm; 

A = 30°; Ik « 9.8 x 10 6 

Effect of Mach number on the pressure distribution upstream of models. 

Roo « 9.8 x 10 6 

Model 8; A = 0°; d = 5*08 cm; h = 25-4o cm 

Model 9; A = 12.9°; d = 5*08 cm; h = 25 Ao cm 

Model 7; A = 30°; d = 5*08 cm; h = 25AO cm 

Model 10; A = 45°; d = 5*08 cm; h = 25 Ao cm 

Model 11; A = 60°; d = 5*08 cm; h = 25 A0 cm 

Model 12; A = 75 0 : d = 5.08 cm; h = 15.24 cm 

Model 1; A = 12. 9° J d = 1A7 cm; h = 25 Ao cm 

Model 2; A = 12. 9°; d = I.91 cm; h = 25A0 cm 

Model 13; A = 12.9°; d = 8.89 cm; h = 25 AO cm 

Model l4; A = 30°; d = 8.89 cm; h = 25 AO cm 

Effect of Reynolds number on the pressure distribution upstream of 

models, h = 25 A0 cm 

Model 2; d = 1.91 cm; A = 12.9° 

Model 7; d = 5*08 cm; A = 30° 

Model 9; d = 5.08 cm; A = 12.9° 

Model 13; d = 8.89 cm, A = 12.9° 

Variation of first peak pressure coefficient with Mach number 


Pressure distribution (p^p^ 

d = 5.08 cm; h = 25 AO cm; 
Pressure distribution (p^/Poo) 

d = 5* 08 cm; h = 25 Ao cm; 
Pressure distribution (pj/p ro ) 
d = 5*08 cm; h = 25 AO cm; 
Pressure distribution (p^/P^,) 
d = 5* 08 cm; h = 25 Ao cm; 


in the vicinity of model 8. 

A = 0°; Ik = 4.44; Ik = 9-5 X 10 6 . . . 


in the vicinity of model 9* 

A = 12.9°; Ik = 4.44; R^ = 9-5 X 10 6 . . 


in the vicinity of model J. 

A = 30°; Ik = 4.44; Ik = 9-5 X 10 6 . . . 


in the vicinity of model 10. 

A = 45°; Ik = 4.44; R ro = 9.5 x 10 6 . . . 
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9(a) 

90>) 


10 


11 


12(a) 
12 b) 
12(c) 
12fd) 
12(e) 
12(f) 
l^(g) 
12(h) 
12(i) 
12(j) 


13(a) 

13(h) 

13(c) 

13(d) 

14 


15 

16 


17 

18 
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Figure 


Pressure distribution (p^p^) 
d = 5*08 cm; h = 25. 4-0 cm; 

Pressure distribution (p^/p^) 
d = 5 »o 8 can; b = 15.24 cm; 

Pressure distribution ( ’P^jV 00 s j 
d = 1.47 cm; h = 25. 40 cm; 


Pressure distribution ( ’p^p^ ) 
d = 1.91 cm; b = 25. 40 cm; 

Pressure distribution (Pj/P^) 
d = 8.89 cm; h = 25. 40 cm; 

Pressure distribution ^P^/Pm) 
d = 8.89 cm; h = 25. 40 cm; 

Pressure distribution (p^/p^ 
d = 5.08 cm; b = 2.54 cm; 

Pressure distribution (p^p^) 
d = 5*08 cm; b = 5.08 cm; 

Pressure distribution (p^p^) 
d = 5.08 cm; h = 10. l6 cm; 

Pressure distribution ( P7/P00 ) 
d = 5.08 cm; b = 15.24 cm; 

Pressure distribution (p i/V a ,) 
Mach numbers. d = 5.08 cm; 

H> = 2.50 

Ho = 2.98 


in the vicinity of model 11. 

A = 60°; Ho = 4.44; = 9.5 X 10 6 . . . 

in the vicinity of model 12. 

A = 75°} Ho = *<-.44; 1^, = 9.4 X 10 6 . . . 
in the vicinity of model 1. 

A = 12.9°; Ho = Ho = lk*2 X 10 6 . 

in the vicinity of model 2. 

A = 12.9°; Ho = Ho = 9.5 X 10 6 . . 

in the vicinity of model 15. 

A = 12.9°; Ho = Ho “ 9-5 X 10 6 . . 

in the vicinity of model 14. 

A = 50°; Ho = Ho = 9.5 X 10 6 . . . 

in the vicinity of model 5* 

A = 30°; Ho = Ho = 9-5 X 10 6 . . . 

in the vicinity of model 4. 

A = 30°; Ho = H = 9.5 X 10 6 . . . 

in the vicinity of model 5. 

A = 30°; Ho = Ho = 9-5 X 10 6 . . . 

in the vicinity of model 6. 

A = 30°; Ho = Ho = 9.5 X 10 6 . . . 

in the vicinity of model 9 for various 

h = 25- 40 cm; A = 12.9°; Ho ~ 9-8 X 10 6 


Ho = 3-71 

Pressure distribution (p^p^) in the vicinity of model 9 for various 

Reynolds numbers* d = 5*08 cm; h = 25*^0 cm; A = 12. 9° > ^ = 

Ho = 4.7 x io 6 

Ho = 14.2 x io 6 

Comparison of the extent of disturbed flow for various models. 

Ho = Ho - 9-8 x io 6 

Variation with sweep for d = 5*08 cm 

Variation with diameter for A = 12.9° 

Variation with diameter for A = 30° 

Shadowgraph of the interaction region for model 8. 

Ho = 2.98; Ho ~ 9-8 x io^ 

Tuft study on model 13* Ho = 3*71j Ho 9*8 X 10° 

Effect of sweep on the model stagnation line pressure distribution. 

Ho » 9.8 X 10 6 ; d = 5.08 cm 
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29(b) 

29(c) 


30(a) 

30(b) 
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3l(c 
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Figure 


K> - 3.71 

H* = 4.44 

Effect of model height on the model stagnation line pres stir e 
distribution. A = 30°; d = 5.08 cm; « 9-8 X 10 6 

K, = 3.71 

= 4.44 

Effect of Mach number on the model stagnation line pressure 
distribution. A = 12. 9° J h = 25. 40 cm; R^ « 9.8 x 10 6 

Model 1; d = 1.47 cm 

Model 2; d = 1.91cm 

Model 9j d=5*08cm 

Model 13; d = 8.89 cm 

Effect of Reynolds number on the stagnation line pressure 

distribution of model 9- A = 12.9°; d = ^.08 cm; h = 25. 40 cm 

Ho = 2.98 

Ho = 4.44 .. 

Pressure distributions around the model leading edge for various values 
of sweep, d = 5*08 cm; = 4.44; » 9*8 X 10^ 

Model 8; A = 0°; h = 25. 40 cm 

Model 9} A = 12. 9°} h = 25. 40 cm 

Model 7; A = 30°; h = 25. 40 cm 

Model 10; A = 45°; h = 25-40 cm 

Model 11; A = 60°; h = 25.40 cm 

Model 12; A = 75 0 ; h = 15.24 cm 

Effect of diameter on the pressure distribution around the model leading 
edge. A = 12.9°; h = 25. 40 cm; Ho « 9.8 X 10 6 ; = 4.44 

z/5 = 0.5 at 9=0° , 

z/5 = 1.00 at 9=0° , 

z/5 = I.33 at 0 = 0° 

Effect of Mach number on the pressure distribution around the leading 

edge of model 9» A = 12. 9° J d = 5-08 cm; h = 25. 40 cm; 

Ho « 9.8 x 10 6 

z/5 = 0.5 at 0 = 0° 

z/5 = 1.00 at 0 = 0° 

z/5 = 1.33 at 0 = 0° 


34(c) 

34(d) 


35(a) 

35(b) 


36(a) 

36(b) 

36(c) 

36(d) 


37(a) 

37(b) 


38(a) 

38(b) 

38(c) 

38(d) 

38(e) 

38(f) 


39(a) 

39(b) 

39(c) 


4o(a) 

4o(b) 

4o(c) 


RESULTS AND DISCUSSION 
Plate Center Line Distributions 

The general shape of the pressure distribution curve upstream of a forward- 
facing step in a turbulent boundary layer has been established satisfactorily. 
Presented in figure J is a schematic drawing of a typical interaction for a step 
along with the corresponding pressure distribution. Although the exact shape 
varies considerably with various step heights, boundary- layer thicknesses, and 
local flow properties, the distribution generally consists of a sudden increase 
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II 


| in the pressure to a peak value - normally called the first peak pressure - a 

| leveling off and a possible dip in the level of pressure and, finally, a sharp 

i increase to a maximum pressure at the upstream edge of the step. The location 
at which separation actually occurs lies somewhere between the initial increase 
in pressure and the first peak and has been determined by various means by dif- 
ferent investigators. No attempt was made during this investigation to deter- 
mine the exact location of separation. For this reason, reference is made 
throughout the present report to the disturbed flow region - that is, the entire 
region affected by the models - rather than the separation region only. 

For three- di mensional protuberances the upstream extent of the model effect 
has been found to vary with diameter (ref. 7)« A comparison of the three- 
dimensional results of references 6 and 8 with the results from two-dimensional 
steps (refs. 1 to 4) indicates, however, that the shape of the pressure distri- 
bution curve is similar for the two cases, with perhaps a more pronounced dip 
and a higher pressure at the upstream edge of the three- dim ensional protuberance. 
Results of reference 8 indicate that in comparing two-dimensional steps and 
three-dimensional protuberances of the same height, the extent of the disturbed 
flow region is significantly less for the three-dimensional objects. This 
decrease is attributed to the lateral pressure relief and consequent circumfer- 
ential flow around the three- dimensional object. The more pronounced dip in 
pressure for three-dimensional separation is probably also associated with these 
phenomena. 

The effect of leading-edge sweep on the upstream pressure distribution 
along the center line is presented in figure 8 for the 5 • 08- cm- and 8.89-cm- 
diameter models. Data are presented in the form of plots of against 

x/d where x is the upstream distance from the fin leading edge (fig. 4). As 
can be seen in figure 8(a) varying the sweep from 0° to 30° has a very pro- 
nounced effect on the extent of the upstream disturbed flow as well as the maxi- 
mum pressure measured within the region (final peak) . Only a very slight varia- 
tion of the first-peak pressure was found for the same range of sweep. The 
extent of the upstream disturbed flow continued to decrease with increasing 
sweep, but at a more modest rate, until at A = 75° the effect of the model was 
barely perceptible. Similarly, the maximum pressure decreased with increasing 
sweep. For sweep angles of 45° and greater, no definite first peak pressure 
could be determined. Since separation of a turbulent boundary layer is charac- 
terized by such a peak, it was not established whether separation actually 
occurred. It should be noted that all models from which data presented in this 
figure were obtained were 25. 4-0 cm high except for model 12 which was 15.24 cm 
high. Based on data shown subsequently on the effect of model height this dif- 
ference in model height should not have any effect on the upstream pressure dis- 
tribution. The decrease in the final peak pressure with sweep is as expected 
since this was located at the model leading edge and would, therefore, decrease 
as the model leading- edge pressure decreased. Similar trends in the overall 
pressure distribution were obtained for both Mach numbers presented. The same 
trends are shown in figure 8(b) for d = 8.89 cm at the two sweep angles 
available. 

The effect of leading- edge diameter on the upstream pressure distribution 
for A = 12. 9° is presented in figure 9(a) for = 2.98 and 4.44. Although 
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the extent of the disturbed flow region varies considerably in terms of x 
for the different diameters, it correlates very well when presented plotted 
against x/d. The shape of the distribution for each model is somewhat similar 
at Ho = 2.98. At Ho = 4.44 the distributions are considerably different, 
however, especially for the two small diameter models. For both Mach numbers, 
the final peak pressure increases with increasing diameter; this is believed to 
be due to the fact that the smaller physical size of the separated region for 
the small models would not sustain a pressure gradient of the magnitude required 
to bring the pressure up to the value of the larger models. Presented in fig- 
ure 9(b) is the effect of diameter on the upstream distribution for A = 30°. 
Models were only constructed at this sweep angle for the two largest diameters. 
Excellent correlation was obtained for both Mach numbers at all locations except 
immediately upstream of the leading edge, where again an increase in the final 
peak pressure was obtained with increasing diameter. 

Presented in figure 10 is the variation of the separation distance (from 
other experiments) and the disturbed flow region with protuberance diameter. 

All data were obtained at 1^, « 9*8 X 10^ with 5 15.24 cm. Data shown for 

d = 7.112 cm were obtained from reference 6. Separation data for A = 12.9° 
were obtained from reference 7* All separation data were obtained from oil flow 
photographs. The data from references 6 and 7 were at Ho = 3-51 whereas those 
from the present investigation were obtained at Ho = 5* 71* Based on data shown 
subsequently concerning the effect of Mach number, this Mach number difference 
is believed to have no significant effect on the results shown in figure 10. 

For A = 12. 9° where the most data are available, it appears that both the sep- 
aration and disturbed flow regions vary linearly with diameter. Straight lines 
were, therefore, drawn through the data for each of the other sweep angles. As 
diameter is increased beyond that of the present investigation, the variation 
would, of course, at some point cease to be linear and approach asymptotically, 
the two-dimensional step or wedge value. 

The effect of model height on the upstream pressure distribution is pre- 
sented in figure 11. Data were obtained on models having 30° sweep and 5*08- cm 
diameters for five different heights. The extent of the upstream effect appears 
to be invariant with model height. In fact, very little effect of model height 
is shown at all except at the instrumentation location adjacent to the model 
leading edge. A wide variation in results was obtained at this location, 
although no trend with model height was established. The same type distribution 
did occur here, however, for both Mach numbers. 

The effects of model height found in this investigation are significantly 
different from those found previously for two-dimensional steps (e.g. , refs. 2 
and 3) where the extent of upstream effect increases with model height and the 
first peak pressure increases with model height up to the boundary- layer thick- 
ness and then levels off for higher models. It was somewhat surprising that for 
the present investigation the effect of the model extended upstream as far for 
the models submerged within the boundary layer as for those protruding through 
the boundary layer. Just how short the model could be before significant 
effects of height would occur was not established. It is quite probable that 
the mi m’ mum model height at which effects first appear will vary with sweep. 
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The effect of Mach number on the pressure distribution upstream of all the 
models of this investigation, with the exception of those which were used to 
determine the effect of h/& is presented in figure 12. Since there were no 
appreciable effects from varying h/b, the Mach number effects shown for model 7 
are representative of the effects for the shorter models. In comparing the data 
for the different models, three basic types of pressure distributions can be 
noted. First, for the models where separation is believed to occur (based on 
the characteristic shape of the pressure distribution for separated flow) and 
yet is limited to a relatively small region (models 1, 2, 7* 9 > and l4), the 
pressure distributions for each Mach number are similar; yet their locations are 
shifted relative to one another. As an example of this shift, consider model 2 
(fig. 12 (h)) where the first influence of the model for = 2.30 occurs 

at 2 ^ 2.3, whereas for = 4.44 it has moved downstream to £ » 1.8. A 

corresponding downstream shift with increasing Mach number is noted in the first 
peak pressure. The magnitude of the first peak pressure ratio increases with 
increasing Mach number as has been the observed trend for two-dimensional sepa- 
rated flow (ref. 4). The pressure dip appears to be less pronounced as Mach 
number is increased for models 1 , 2 , and 7 but relatively unchanged for models 9 
and 1 4. The final peak pressure ratio on the plate surface increases with 
increasing Mach number. The second type distribution noted is where, due to 
model geometry, a larger region of separation occurred (models 8 and 13 , 
figs. 12(a) and 12(i)). For these models, no shift is noted in the distributions 
as Mach number is varied. The first peak pressure increases with increasing 
Mach number which, as was noted for model 8 , is the same trend found for two- 
dimensional separated flow. The final pressure peak is seen to increase sharply 
from the dip and then decrease at the instrumentation location adjacent to the 
model for all but the lowest Mach number. A logical explanation for this 
decrease is not immediately apparent. The third type distribution found was one 
where the pressure increased steadily to a maximum at the upstream edge of the 
model and no dip occurred (models 10, 11, and 12). Whether or not separation 
actually occurred for any of these models was not established. 

The effect of Reynolds number on the pressure distribution upstream of var- 
ious models is presented in figure 13- Data are presented at = 2.98, 3-71* 

and 4.44 for free-stream Reynolds numbers per meter of approximately 4.9 X 10^, 
9*8 x 10^, and 14.7 X 10^. The models presented in this figure were chosen so 
that the Reynolds number effect for disturbed flow regions of various sizes 
could be determined. For all models the effects of Reynolds number were a mini- 
mum for = 2.98 and increase with increasing Mach number. Varying the 
Reynolds number had no effect on the extent of the upstream disturbed flow for 
any of the models. The magnitude of the first peak pressure was not materially 

affected except for model 2 at = 4.44 and = 4,9 X 10^ where the occur- 
rence of a peak could not be determined from the data. For model 9 the distri- 
bution appears to be skewed somewhat at the low Reynolds number and = 3*71 
and 4.44 with the first peak shifted downstream with a corresponding increase 
in the magnitude of the dip pressure. A similar trend was found for model 13 
(fig. 13(d)) at Moo = 4.44. The pressure immediately upstream of the model 
leading edge increased with increasing Reynolds number for all models presented 
in figure 13 . 
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First Peak Pressure Coefficient 


Presented in figure l4 is the variation of the first peak pressure coeffi- 
cient with Mach number for model 8. Also presented are data from refer- 

ence 6 which were obtained with a 7- 11-cm- diameter upright cylinder 31. 75 cm in 
height. These data were obtained in the same facility as the present investi- 
gation and also in a 15.2^- cm- thick boundary layer. Although the data were 
obtained approximately 1 diameter off the upstream center line, subsequent data 
(fig. 15) show that this has little, if any, effect on the magnitude of the 
data. An empirical equation which fits these data reasonably well is 

0.682 
°P,P - 1.1* 


Also presented in figure l4 are two empirical equations from reference 4 
obtained from separation forced by two-dimensional objects over the Mach number 
range indicated for each. The data from which these equations were obtained 
were taken in relatively thin turbulent boundary layers (S ~ 0 . 6 k cm). A direct 
comparison of the two- and three-dimensional data may be subject to question 
because of the difference in 5 for the two sets of data. The effect of 
varying boundary-layer thickness by this magnitude is not known precisely but 
the data of reference 6 indicate that Cp^p for three-dimensional separation 

decreases slightly with increasing boundary- layer thickness. The comparison is 
perhaps more meaningful if the triangular symbols are compared also. These 
data (from ref. 6) were obtained with a 10.l6-cm-h±gh by 60. 96- cm- wide step 
also mounted on the sidewall of the same facility as in the present investiga- 
tion. The fact that this model did not completely span the tunnel nor extend 
through the boundary layer would both tend to give lower results for C p ^p 

than truly two-dimensional objects which extend through the boundary layer, 
although the magnitude of the difference is not known. In effect, therefore, 
the difference shown between the three-dimensional data and the triangular sym- 
bols would be a minimum difference anticipated between Cp^p for two- 

dimensional and three- dimensional separation for relatively thick turbulent 
boundary layers. 


Plate Spatial Distributions 

Spatial plots of the pressure ratio p^P OT obtained on the test plate in 
the vicinity of each of the models of this investigation are presented in fig- 
ures 15 to 28 for = k. ^4 and R « 9-8 X 10^. Spatial plots for model 9 at 
the other Mach numbers and Reynolds numbers of this investigation are presented 
in figures 29 and 30, respectively. A line has been drawn on each plot illus- 
trating the approximate extent of the effect of the model. Lack of instrumen- 
tation at certain locations necessitates a certain amount of arbitrariness as 
to where the line was drawn. It should be accurate enough, however, to deter- 
mine basic trends. The effect of sweep on the spatial distributions can be 
determined by comparing figures 15 to 20. There is a decrease in the extent of 
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the disturbed flow region as well as the pressure ratio within the region with 
increasing sweep. A comparison of the extent of the disturbed flow region for 
models of different sweep angles is shown in figure 31(a)* 

The effect of fin diameter on the spatial distributions for A = 12.9° can 
be determined by comparing figures 21, 22, 1 6, and 23- The shape of the dis- 
turbed flow region appears to be similar for all four models for the region 
from x = 0 forward to the most upstream point. In general, the pressure 
ratios within the disturbed flow region increased with increasing diameter. A 
comparison of the overall extent of the model effects for the various diameters 
at A = 12.9° is shown in figure 310 3 )* The effect of fin diameter on the spa- 
tial distributions for A = 30° can be determined by comparing figures 17 and 
and 24 . As was found for A = 12. 9° ^ the shape of the region affected try the 
model forward of x = 0 appears to be similar for the two models. The extent 
of the entire region affected by these two models can be compared in 
figure 3l(c). 

The effect of varying model height for d = 5*08 cm and A = 30° can be 
determined by comparing figures 25 to 28, and 17. As was shown previously 
(fig. 11) the extent of the model effect along the upstream center line was 
independent of model height for the range of model heights of this investiga- 
tion. Although a complete distribution was not obtained for a model height of 
2. cm, it appears as though the extent of the model effect around and to the 
side was approximately the same for all model heights. A comparison of the mag- 
nitude of the pressure ratios indicates that, for the region upstream of the 
model leading edge, the ratios are approximately the same. There is a differ- 
ence, however, in the pressure ratios downstream of the model leading edge. 
Pressure ratios approaching unity were measured over a large portion of the aft 
section of the plate for the 2.54- cm- high model (fig. 25). Apparently, the flow 
expansion over the top of the model spreads laterally and down to the plate sur- 
face; thus, the pressure is lowered in this region. This same trend was found 
for the 5*08-cm- and 10.l6-cm-high models (figs. 26 and 27). The point at which 
the expansion reaches the plate moves downstream as model height is increased 
until for h = 10. 16 cm only a small region adjacent to the model was affected. 
For the higher models, no such effects occurred within the instrumented region. 

The effect of Mach number on the spatial distributions in the vicinity of 
model 9 can be obtained by comparing figure l6 with figure 29. There is an 
overall increase in the pressure ratio over the entire region affected by the 
model with increasing Mach number. This is the same trend shown in figure 12 
for the distributions along the center line upstream of the model. In general, 
the effects move slightly downstream and wrap around closer to the model with 
increasing Mach number. 

Comparison of the different Reynolds number data in the vicinity of model 9 
at = 4.44 can be made from figures 16 and 30. No significant effects of 
Reynolds number either on the magnitude of the pressures or the extent of the 
model effect could be determined. 
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Flow Visualization on Models 


The special shadowgraph system described earlier was designed for the pur- 
pose of observing the shock formation in the interaction region of the model 
leading edge. An example of the photographs obtained by this method is shown in 
figure 32. For model 8, the major portion of the shock formation within the 
boundary layer was highly unsteady and, therefore, cannot be distinguished in 
the photograph which was taken at slow shutter speeds. However, high-speed 
motion pictures were taken at 2,000 frames/sec. Selected frames from the motion 
pictures were enlarged for analysis purposes but were not suitable for report 
reproduction. The location of the intersection of the model bow shock and the 
oblique shock from the separated region could be identified in certain cases 
from these. The investigators in references 1 and 2 found the shock formation 
from two-dimensional separation to be relatively steady. Although this method 
of obtaining shadowgraphs was successful, only a limited number of photographs 
were obtained due to a malfunction in the camera and the limited field of view 
of the system. It is believed, however, that a large number of quality photo- 
graphs over a wide range of conditions could be obtained where a system of this 
nature is necessary using somewhat more refined components in the system. 

An attempt was made to determine the direction of the flow along the model 
leading edge by using tufts. A special model 13 was constructed for this pur- 
pose. Five rows of tufts in 15° increments around the leading edge with the 
tufts 1.27 cm apart were installed on the model. The tufts were nylon strings 
approximately 1.27 cm in length. They were glued in small holes drilled in the 
model. Before a run the model leading edge and tufts were painted with oil 
containing a fluorescent dye. When flow was started in the tunnel, the oil on 
the wooden model washed off quite rapidly. However, enough oil and, conse- 
quently, fluorescent dye remained in the tufts to show up vividly under ultra- 
violet light. A photograph of the results is presented as figure 33* The rela- 
tively long exposure time for the picture prevented obtaining sharp pictures of 
the fluctuating tufts; however, the direction of the tufts and, consequently, 
the flow direction can be determined over much of the model. A sketch of the 
model leading edge showing the positions of the tufts based on photographs, as 
well as observations made during the test, is presented along with the photo- 
graph. The exact point on the stagnation line where flow reversal occurred 
could not be determined by this method, although it was in the same region as 
the peak pressure shown subsequently. 


Model Pressure Distributions 

The effect of sweep on the model leading-edge pressure distribution is 
shown in figure 34. Also presented by the symbols at = 0 are the data 

obtained on the plate at ^ = 0. Data are presented for each Mach number along 

with a theoretical value calculated from modified Newtonian theory for free- 
stream conditions. In general, the agreement between theory and the experi- 
mental data outside the boundary layer ^ > 1.0 is considered excellent. The 
first tests conducted were with instrumentation located on the models as shown 
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by the data in figures 3M a ) and (b). Certain anomalies were observed in the 
data for models 8 and 9 in the region subjected to the boundary- layer flow and 
where the instrumentation had been sparsely located. In order to obtain a more 
detailed pressure distribution, models 8 and 9 (as well as model 13 , which is 
presented subsequently) were reinstrumented. Results obtained at M^ = 3-71 
and with the reinstrumented models are indicated in figures 3 M c ) 

and (d) by the symbols with ticks. These results indicate that an irregular 
pressure distribution does, in fact, occur and the location of peak pressure 
within the boundary layer is a function of sweep as well as Mach number. Lack 
of data in the region near the wall prevents identifying a peak for any of the 
other models with this diameter. A more complete experimental investigation 
would have to be performed to define, for a certainty, the flow model respon- 
sible for this irregular distribution. It is believed, however, that the peak 
that occurs within the boundaiy layer marks the location of impingement of the 
so-called dividing streamline (the streamline dividing the flow which is 
reversed from that which flows either up or around the fin leading edge) on the 
fin leading edge. The location of such an impingement would effectively be a 
stagnation point, similar to that indicated by the tuft studies presented in 
figure 33* Pressure distributions over the face of a two-dimensional step pre- 
sented in reference 2 indicate stagnation regions at both the top and bottom of 
the step. A two-dimensional flow model that would give such a pressure distri- 
bution with the dividing streamline impinging on the top of the step has been 
proposed in reference 5 . An oil flow photograph presented in reference 6 shows 
the location of impingement of the dividing streamline on the face of a 30 ° half- 
angle wedge. 

The effect of model height on the leading-edge pressure distribution is 
shown in figure 35* As can readily be seen, no effect was found for the range 
of model heights for which data were obtained, A slight bulge in the pressure 

distribution occurred at jr = 0.2. Although not as pronounced, it is possible 

that this bulge is associated with the dividing streamline phenomenon discussed 
previously for the models with lower sweep angles. 

Presented in figure 36 is the effect of Mach number on the pressure distri- 

z 

bution along the leading edge of models 1, 2, 9> and 1 J. The symbols at — = 0 

again represent the data on the plates at ^ = 0 and the flagged symbols for 

models 9 and 13, the data obtained with the reinstrumented models. For a given 
value of z/& the pressure ratio decreases with increasing Mach number. This 
is the same trend that is found experimentally with a pitot probe in a super- 
sonic turbulent boundary layer. The peak pressure is seen to move closer to the 
wall as Mach number is increased (figs. 36 (c) and 36 (d)). This is perhaps a 
result of the increase in momentum of the air with Mach number, forcing the 
dividing streamline (indicative of the height of the separated region) closer 
to the plate. The effect of diameter can also be determined by comparing the 
various parts of figure 36 . 

The peak pressure in the boundary layer is seen to be a function of diam- 
eter, as well as sweep and Mach number mentioned previously. Apparently, if 
there is a peak it occurs closer to the wall than the nearest instrumentation 
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for models 1 and 2 since no irregularities were found. The extent of the 
upstream disturbed flow region of models 1, 2, 9 > and 13 is apparently propor- 
tional to diameter as discussed previously. A comparison of the distance from 
the wall to the point of peak pressure on the model leading edge for models 9 
and 13 indicates that this distance is proportional to diameter also. Based on 

the results from models 9 and 13 , the peak would have occurred at ^ = 0.09 

and 0.12 for models 1 and 2 , respectively. 

Typical results of the effect of Reynolds number on the leading- edge pres- 
sure distribution are shown in figure 37. These data are for model 9 and for 

Mach numbers of 2.98 and 4.44. Outboard of ^ = 0.8 there is no effect of the 

o 

Reynolds number variation. Inboard of g- = 0.8, there is a small effect with 
the pressure increasing with increasing Reynolds number. 

Pressure distributions around the model leading edge for each sweep angle 
of this investigation are presented in figure 38. Data are presented for each 
of the three spanwise stations where peripheral instrumentation was located. 

Also presented for each sweep angle is a modified Newtonian theory curve based 
on the free-stream Mach number. The instrumentation was located in a plane per- 
pendicular to the leading edge. The orifice on the stagnation line was located 
at the value of z/b given in the figure. The data for the two outboard sta- 
tions are in close agreement for all models. (The 75° sweep model had only one 
peripheral instrumentation location. ) The lower values shown in figure 34 along 
that portion of the model within the boundary layer are shown in figure 38 to 

remain low around most of the leading edge for §■ - 0.5* The theory curves are 

o 

in close agreement with most of the data from the two outboard stations. The 
only disagreement is in models 8, 9 : and 7 for 0 > 45° where the theory is 
slightly lower than the data. 

The effect of diameter on the pressure distribution around the model 
leading edge is presented in figure 39 for the three spanwise stations where 

peripheral instrumentation was located. The data for ^- = 1.00 and 1-33 indi- 
cated no effect of diameter as would have been expected after examining the 
stagnation line data. The data at ^ = 0.5 indicate no effect of diameter 

except for the large diameter model where the data at 9=0° coincide with 
the stagnation line peak shown in figure 38. The data for the large fin remain 
higher than those for the other fins up to 0 = 60°. 

The effect of Mach number on the pressure distribution around the leading 
edge of model 9 for the three spanwise stations is shown in figure 40. It can 
be seen from figure 38(c) that there is a considerable effect of Mach number on 

the pressure distribution along the stagnation line from the wall out to ^ ~ 0.8 

o 

with the pressure ratio p^p^ 2 decreasing with increasing Mach number. This 

figure shows that for ^ = 0.5 this trend also occurs around the model leading 

edge. For §■ = 1.00 and 1.33 no significant effects of Mach number were found, 
o 
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CONCLUSIONS 


An investigation of turbulent separated flows in the vicinity of fin- type 
protuberances has been conducted over a free-stream Mach number range from 2-30 

to 4.44 and free-stream Reynolds numbers per meter from approximately 4.9 X 106 
to l4. 7 X 10^. The protuberances were mounted on a plate instrumented with 
pressure orifices which was in turn mounted flush with the tunnel sidewall to 
utilize the 15.24- cm turbulent sidewall boundary layer. Analysis of the experi- 
mental results yielded the following conclusions: 

1. Varying the leading-edge sweep from 0° to 30° decreased sharply both the 
extent of the upstream disturbed flow and the final peak pressure but had only a 
very slight effect on the magnitude of the first peak pressure on the plate sur- 
face. The extent of upstream disturbed flow, as well as the final peak pres- 
sure, continued to decrease with increasing sweep until at 75 °; the effect of 
the model was barely perceptible. No definite first peak pressure could be 
determined for sweep angles of 45° or greater. 

2. For a given sweep angle the extent of the disturbed flow upstream of 
the model leading edge appears to vary linearly with diameter for the range of 
variables of this investigation. 

3. For 5 • 08- cm diameter and 30° sweep models, varying the ratio of model 
height to boundary- layer thickness from 0.167 to I.667 had no effect on the 
extent of disturbed flow. 

4. Both the first peak and final peak pressure ratios increased with 
increasing Mach number for any given model. 

5. Varying the free-stream Reynolds number by a factor of three had no 
effect on the extent of disturbed flow. The Reynolds number effects on the 
shape of the distributions were negligible for Mach number of 2.98 but increased 
slightly with increasing Mach number. 

6 . A comparison of first peak pressure coefficients for three-dimensional 
protuberances with those from two-dimensional protuberances indicates that the 
peak pressure coefficients from three-dimensional protuberances are signifi- 
cantly lower. 

7. The data on the models outboard of the boundary layer are in good agree- 
ment with modified Newtonian theory. 

8 . Irregular pressure distributions were found along the model stagnation 
line of some of the models with a peak pressure occurring within the boundary 
layer. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Station, Hampton, Va. , August 3> 1966, 

124-10-02-07-23. 
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TABLE I.- GEOMETRIC PARAMETERS OF MODELS 


Model 

Diameter, d, cm 

Height, h, cm 

i 

Sweep, A, deg 

i 

1.47 

25.40 

12.9 

2 

1.91 

25.40 

12.9 

3 

5.08 

2.54 

50.0 

4 

5.08 

5.08 

50.0 

5 

5.08 

10.16 

50.0 

6 

5.08 

15.24 

50.0 

7 

5.08 

25.40 

30.0 

8 

5.08 

25.40 

00.0 

9 

5.08 

25.40 

12.9 

10 

5.08 

25.40 

45.0 

n 

5.08 

25.40 

60.0 

12 

5.08 

15.24 

75.0 

13 

8.89 

25.40 

12.9 

14 

8.89 

25.40 

30.0 




























(b) Variation in sweep* d = 8.89 cm. 
Figure 3 - Continue! 
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(c) Variation in diameter; A = 12,9 , 
Figure 3.- Continued. 
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Figure 3r Concluded, 
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Figure 4.- Location of orifices on plate. 
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Figure 10.- Variation of the separation distance and the disturbed 
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<g) Model 1- A = 12.9°; d = 1.47 cm ; h = 25.40 cm. 



Figure 12.- Continued. 
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(c) Model 9; d = 5.08 cm ; A = 12.9°. 
Figure 13.- Continued. 
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Figure 13.- Concluded. 
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Figure 19.- Pressure distribution (Pj j in the vicinity of model 11. d = 5.08 cm ; h = 25.40 cm; A = 60°; = 4.44; R*, = 9.5 x 10 6 . 
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Figure 23.- Pressure distribution in the vicinity of model 13. d = 8.89 cm ; h - 25.40 cm; A - 12.9°; Mco - 4.44; Roo- 9.5 x 10 
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Figure 24.- Pressure distribution (Pj /Poo) in the vicinity of model 14. d = 8.89 cm : h = 25.40 cm : A = 30°; Moo = 4.44 ; = 9.5 x io 6 . 




Figure 25.- Pressure distribution (p ,/pA in the vicinity of model 3. d = 5.08 cm; h = 2.54 cm ; A - 30°; Moo - 4.44; - 9.5 x 10 1 
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(a) = 2.30. 

Figure 29- Pressure distribution fp,/p \ in the vicinity of model 9 for various Mach numbers, d = 5.08 cm; h = 25.40 cm ; A = 12.9°; 

v l ' °°' 1^=9.8X106. 
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(b) IV^ = 2-98. 
Figure 29.- Continued. 
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Figure 29.- Concluded. 
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(b) = 4.44. 


(a) = 2.98. 

Figure 37 ’ - Effect of Reynolds number on the stagnation line pressure distribution of model 9. A = 12.9°; d = 5.08 cm; h = 25.40 cm; flagged symbols indicate data 

from reinstrumented models. 
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